This article analyzes the economies of capacity use regarding hot water decontamination to reduce postslaughter risk of pathogens in meat, taking interfarm heterogeneities of Salmonella risk and costs of transportation into account, using Denmark as a case study. If risk reduction goals are stated at the processing plant level, then the exploitation of the favorable cost-effectiveness properties of hot water slaughtering requires fairly ambitious risk reduction goals and thus high use of decontamination capacity. If instead risk reduction goals are formulated for the sector as a whole, the cost-effectiveness properties can be exploited even for relatively low-risk reduction goals.
Salmonella is acknowledged as a major food safety problem in pork sectors in many countries. Several initiatives are taken to reduce these problems in primary production as well as at the processing stage (Goldbach and Alban, 2006) , but it is still a policy aim to reduce the Salmonella risk further. The policy focus on Salmonella reduction is also present in Denmark. In particular, the most recent Danish Salmonella Action Plan of 2009 states that the postslaughter Salmonella prevalence in pork should be less than 1% (Danish Food Agency, 2009 ). Goldbach and Alban (2006) , Nielsen et al. (2005) as well as the Danish pig industry have however ascertained that significant further reduction in the Salmonella prevalence in primary pig production will be difficult and costly to obtain and that such reduction is best accomplished at the processing plants (slaughterhouses) using decontamination technologies.
Decontamination is relevant if the prevalence of pathogens on carcasses is to be reduced to an extent that is not obtainable by improved slaughter hygiene and farm-level interventions. So far, the use of decontamination of fresh pork is not common in the European Union, but the European Commission has made decontamination possible through the Regulation of Hygiene in Animal Foods (Anonymous, 2004) . The Danish Meat Association and the Danish Meat Research Institute have documented the microbiological effects of hot water slaughtering methods on Escherichia coli and Salmonella (Jensen and Christensen, 2000) . At present, only carcasses from farms with the multiresistant Salmonella typhimurium DT104 or from highly contaminated pig farms (socalled level 3 farms), representing approximately 1% of the total pig production, are decontaminated using hot water slaughtering in Denmark (Nielsen et al., 2001) .
Efficient improvement of the food safety also involves economic considerations. The economic issue is how to best reach the goal of a safer food supply at the lowest costs. Economic consequences of pathogen reduction technologies have been investigated in a number of studies. Goldbach and Alban (2006) compare hot water decontamination with sanitary slaughter and different feeding strategies in the Danish pork sector, finding that the benefitcost ratio is substantially higher for hot water decontamination than for the other strategies. Jensen, Unnevehr, and Gomez (1998) conducted cost-effectiveness analysis for U.S. beef and pork processing sectors of 11 single pathogen reduction technologies or combinations of these using least cost curves, and Jensen and Unnevehr (2000) have demonstrated the application of a cost minimization model to identify the most cost-effective technologies in U.S. pork plants, evaluating the effects on aerobic bacteria and Enterobactereaceae. In a third U.S. study, Malcolm et al. (2004) evaluated the costs and effectiveness of seven combinations of pathogenreducing technologies, including dehiding, steam pasteurization, and irradiation on the beef slaughter line. Vosough et al. (2006) explored the ranking of interventions against pathogenic E. coli in Dutch commercial beef plants based on an epidemiological simulation model and cost data from the literature and expert information. van der Gaag et al. (2004) investigated the costs of different intervention methods, including decontamination, against Salmonella along the supply chain based on cost data collected from the Animal Husbandry Research Institute, scientific literature and interviews, and effectiveness data obtained from an epidemiological simulation model for the pork supply chain. In a recent study, Lawson et al. (2009) investigated the cost-effectiveness of different decontamination methods based on expert data regarding costs and microbiological research results regarding effectiveness of the decontamination methods.
The results from the cost-effectiveness studies suggest that increased food safety generally induces higher marginal costs for meat processing plants, but the additional costs resulting from decontamination are modest and account typically for approximately 1-2% of total plant costs (Jensen and Unnevehr, 2000; Jensen, Unnevehr, and Gomez, 1998; Lawson et al., 2009) . Implementation of new food safety interventions have shown economies of scale properties that favor large meat companies (Malcolm et al., 2004; Unnevehr and Jensen, 1999) .
Most of the considered studies evaluate the costs of decontamination assuming full use of the decontamination facilities, for example that all pig carcasses-positive as well as negative-are decontaminated and that no excess capacity exists. However, in situations in which the prevalence of pathogens is relatively low, and where it may be possible a priori to identify deliveries with relatively high pathogen risk, e.g. by identification of crucial risk factors, a more partial-scale approach might appear more sensible from an economic viewpoint.
If less than full-scale implementation of decontamination is applicable, the optimization of capacity use becomes a relevant strategy to consider, because the establishment of decontamination facilities involves considerable capital investment. The issue of capacity use of investments in decontamination technology has received remarkably little attention in the economic literature on food safety, although it is recognized that decontamination is often investment-intensive (e.g. Aymerich, Picouet, and Monfort, 2008) . Some explanations might be that an operational definition of capacity use is difficult to obtain and that empirical use data are scarce and subject to many potential measurement errors (Nelson, 1989) .
Despite these methodological challenges, the objective of this article is to investigate the economies of decontamination capacity use, in which capacity is defined as the maximum number of pigs that may be decontaminated by the technology per year. This objective is pursued by means of an economic optimization model that takes into account the stochastic nature of Salmonella risk as well as the geographical localization of processing plants and pig production. The Danish pork sector is used as an illustrative case.
The article is structured as follows. Section two discusses some capacity considerations regarding decontamination capacity, and section three presents the methodology and data for the present analysis. Results from the analysis are presented in section four, and the final section draws some conclusions and discusses some perspectives from the analysis.
Capacity Considerations Regarding Decontamination
As indicated by some of the mentioned studies, most of the available decontamination technologies involve considerable investment, which implies economies of scale that favor large processing plants. Hence, a general decontamination requirement in the pig sector might impose a relatively high cost on butchers and smaller plants, because their use of decontamination capacity becomes low compared with larger plants.
1 Furthermore, if the general pathogen prevalence is low, a full-scale decontamination requirement would imply that a considerable share of the pig production were decontaminated even if they would not carry critical amounts of pathogens.
To the extent that pig herds exhibiting relatively high pathogen risk can be identified before delivery to the processing plants, there may be room for optimizing the use of decontamination capacity by establishing a market that directs high-risk deliveries to plants with decontamination capacity and directing low-risk deliveries to plants without such capacity and possibly to avoid excessive investments in decontamination facilities.
Furthermore, a less than full-scale decontamination requirement may allow the redirection of potentially high-risk pig deliveries from small-scale processing plants to larger plants, thus enabling better use of decontamination capacity and economies of scale and a lower additional cost imposed on small-scale plants compared with large-scale plants. Instead, these small plants can pay a premium to larger plants to decontaminate their high-risk pig deliveries.
If redirection of pig deliveries is to be considered as an integral part of a decontamination strategy, it is necessary to consider transportation costs, which are closely linked to the geographical location of pig production and slaughtering capacity. The localization of Danish pig slaughtering plants is illustrated in Figure 1 .
To a large extent, this localization matches the localization of primary production ( Table 1 ). The majority of pig processing plants are located in the western parts of the country and only two plants (Ringsted and Rønne) on the eastern islands. A relatively new large plant with a slaughtering capacity of 4.4 million pigs per year has recently been established in Horsens, and it has a central location that enables deliveries from a relatively large part of the country, including Funen and large parts of southeastern Jutland.
Although the slaughtering capacity is located fairly close to the primary production, there may still be a potential for sharing decontamination capacity between different processing plants to reduce capacity costs, in particular among the plants located in the western part of the country.
Furthermore, costs of coordinating the supply of high-risk pig deliveries and the decontamination capacity at the individual processing plants in an incentive-compatible manner should be considered. This coordination involves identification of high-risk deliveries, localization of spare decontamination capacity, and connecting these within relatively short time limits. Such costs may include the operation of farm-level Salmonella monitoring systems, monitoring of decontamination capacity use on processing plants, and operating a marketplace for the trade of high-risk and low-risk pig deliveries. It may, however, be claimed that some of these monitoring costs might also apply as general food safety measures and should not necessarily be fully attributed to the optimization of decontamination capacity use. The specific modeling of such coordination costs is beyond the scope of this article, but it should be recognized that if these costs are large, they may undermine the economic incentives to concentrate decontamination capacity on fewer plants. In the following, we assume that such coordination constitutes a fixed cost (independent of the number of pigs to be redirected) that does not exceed the potential cost-saving of better capacity use (net of transport costs).
Optimizing the use of decontamination capacity in the Danish Salmonella control strategy raises a number of research questions, including: 1) the extent of excess decontamination capacity for different Salmonella risk reduction targets; 2) the costs of underused decontamination capacity for different risk reduction targets; and 3) economic consequences of Salmonella risk reduction requirements at the plant level or the sector level, respectively. In the following, these research questions are pursued, taking into account the costs and Salmonella prevalence-reducing effects of hot water slaughtering as well as transportation costs, which take the geographical location of pig production and processing plants into consideration.
Methodology and Data
We investigate the stated research questions by means of an integrated microbiologicaleconomic model framework, in which we combine the risk-reducing effects of decontamination with the costs of decontamination and transportation between pig producers and processing plants in a setting where the aim is to determine the cost-minimizing combination of decontamination capacity and transport patterns for given reductions in the risk of buying pork contaminated with Salmonella. The first subsection outlines this modeling framework, whereas the last subsection describes the calibration of the model in terms of data and parameters.
It should be noted that for the model's focus on the aggregate costs of decontamination and transportation to be realistic, we need some requirements on the incentive mechanisms working in the slaughtering sector, ensuring that the objective of overall cost minimization is incentive-compatible with the objectives that are pursued at the plant level. For the analysis, we assume that such incentives mechanisms are in place in terms of a price premium (or price discounts) paid by processing plants without decontamination capacity to plants receiving and decontaminating their high-risk pig deliveries and furthermore that costs of coordinating demand for and supply of decontamination capacity across plants do not exceed the potential cost savings from such coordination. We return to these issues in the final discussion.
Modeling Framework. We developed a mathematical programming model, in which hot water slaughtering is the only available type of intervention to reduce the prevalence of Salmonella. Hot water decontamination is done on the pig carcass right after slaughtering and before any further processing. Further processing of the carcass is assumed to take place in the chain after the pig slaughter. Furthermore, we assume that decontamination facilities will only be established on larger plants (i.e. plants processing more than 400,000 pigs per year), because the costs of establishing such facilities would be prohibitive for smaller plants. The sum of decontamination and transportation costs is minimized subject to a number of physical/ technical constraints, including the geographical localization of primary pig production, the slaughtering capacity of the respective plants, technical-biological relationships between decontamination and Salmonella prevalence, and a policy constraint specifying an acceptable Salmonella prevalence level. Solving this problem yields the cost-minimizing size and geographical location of decontamination capacity to obtain the specified reduction in pathogen risk. The costs of decontamination facilities at processing plants include fixed costs in terms of investment and installation costs during the construction of such facilities as well as variable costs in terms of operating costs such as energy, water, labor, cleaning, maintenance, etc., the latter depending on the number of carcasses. Hence, the total annual decontamination cost, C d , is modeled as
The term c f is the fixed annual cost per line of decontamination capacity, D is the number of slaughter lines with decontamination capacity, c v is the variable decontamination cost per carcass, and Y d is the total number of carcasses decontaminated.
It could be expected that capacity considerations would lead the slaughtering sector to concentrate the establishment of decontamination facilities on as few slaughter lines as possible. This might imply that not all pig processing plants would establish such facilities, but instead that some of the pig deliveries from ''high-risk'' producers would be redirected or sold (at a price premium or price discount) to plants possessing such capacity. The economic potential for such sharing of decontamination facilities, however, depends on the additional coordination and transportation costs (including associated additional costs, e.g. veterinary inspections, administration) that would be invoked by redirection of pig deliveries, which again depends on the distances from primary producers to the respective processing plants and on the ownership and organization of the plants.
For each combination of county b and processing plant a, we estimate the average transport distance, assuming that this distance comprises both a fixed and a variable part. Formally, the average transport distance m ba from county b to plant a through border point e is represented as
The fixed part of the distance (m ea ) represents the road distance from the border (e) of county b (where the most relevant road crosses the border) to plant a. The variable part of the distance (m be Á Y ba =Y b ) represents the average distance to the county border for the county's farmers delivering pigs to processing plant a. It is assumed that the variable part of the average distance depends positively on the share of pigs from county b delivered to plant a, Y ba =Y b , reflecting an underlying assumption that primarily those farms in county b with the shortest distance will tend to deliver to plant a. If the entire production of pigs from county b is delivered to plant a, the variable part of the average transport distance is estimated as the road distance between the geographical centre and the border of the county given by the term m be . For a processing plant located within the county, the variable part of the average transport distance is estimated as the distance between the plant and the main border entrance to the county.
Assuming a unit cost, c T , per pig per transported km, the total transportation cost, C T , is thus represented by
The prevalence of Salmonella in pigs (b) delivered from county b is assumed to be well described by a truncated normal distribution
and because it is further assumed that the Salmonella prevalence distribution in pigs delivered from county b to processing plant a is identical to the distribution for the county as a whole, the distribution of Salmonella prevalence at plant a is also normally distributed
Decontamination through hot water slaughtering reduces the prevalence of Salmonella positive carcasses by the fraction d. That is, if the entire production of processing plant a is decontaminated, the mean prevalence after decontamination will be 1 À d ð ÞÁ b a . Assume now a situation in which the fraction a of the pig production on processing plant a exhibits a Salmonella prevalence beyond a specified threshold b Ã , where the expected prevalence in this fraction is termed b U a ð Þ, and where the expected prevalence of the fraction exhibiting below-threshold prevalence is given by b L a ð Þ. Note that these expected values depend on the fraction considered. Assume further that information making it possible a priori to identify those deliveries with above-threshold prevalence is available, e.g. by means of on-farm tests in pig herds or on the basis of identified risk factors. Such information will more likely be available at the herd level (rather than for the individual animal), so decisions to decontaminate or not will be at the batch level. To comply with a regulation stating the threshold level b Ã to be the acceptable level, the processing plant may then have the choice of either establishing decontamination capacity to decontaminate the fraction of the production with above-threshold expected prevalence or to exchange pigs from abovethreshold herds with pigs from below-threshold herds from another plant, which possesses spare decontamination capacity. If plant a chooses to decontaminate the fraction a d a , the resulting expected prevalence will be
Hence, the expected prevalence after decontamination is the weighted average of the expected prevalence in postdecontamination high-prevalence carcasses and the expected prevalence in untreated low-prevalence carcasses with the respective fractions as weights.
If instead processing plant a chooses to swap (possibly against a payment) its high-prevalence deliveries (the fraction a f a ) with low-prevalence deliveries from another plant v (with spare decontamination facilities), the expected prevalence on the two plants will be (7) Processing plant a:
Hence, an opportunity to redirect or trade high-or low-risk pig deliveries between processing plants divides the market for pig deliveries into two submarkets: a high-price market for low-risk deliveries that do not need to be decontaminated and a low-price market for high-risk deliveries, where carcasses will be decontaminated after slaughtering. Whether a plant chooses a strategy to slaughter and decontaminate pigs from high-risk herds in its own plant (like plant v shown previously) or a strategy to pay another plant to receive and decontaminate these high-risk pigs (like plant a shown previously) depends on the balance between the costs of in-house decontamination and the costs of redirecting the deliveries. Transportation costs are assumed to play a major role, but payment of decontamination fees may also have a role to play. If we assume that decontamination fees are determined to cover the marginal costs of decontamination (i.e. the c V term shown previously), then the processing plant will choose to redirect its high-risk pig deliveries if the sum of decontamination fee and additional transportation costs are lower than the average cost per decontaminated pig of running its own facilities. On the other hand, if the marginal cost of further transportation is high, it will be most efficient to establish and run decontamination facilities in-house.
As mentioned previously, costs of coordinating demand and supply of high-risk and lowrisk pig deliveries across processing plants may also influence the incentives to operate such a redirection scheme. Because we assume such costs to be fixed, they do not affect the incentives on the marginal pig delivery, but may of course play a role for the economic incentive to establish such a redirection scheme in the first place.
Assuming that it is possible a priori to identify the pig farms with relatively high Salmonella risk, and hence deliveries, the model determines the combination of delivery structure (between counties and processing plants) and the degree of implementing decontamination facilities in the plants that minimizes the total costs of transportation and decontamination while still satisfying constraints regarding production capacity, decontamination capacity, and specified Salmonella reduction requirements.
In the literature, quantitative analyses related to Salmonella and taking into account the stochastic nature of Salmonella prevalence are often based on stochastic simulation, in which distributions for prevalence resulting from various interventions are estimated by means of random draws from underlying epidemiologyderived distributions regarding base levels and intervention effects, respectively (see e.g. Bergevoet et al., 2009; van der Gaag et al., 2004) . Provided correct assumptions of the underlying distributions, such models may often provide a reasonable representation of the resulting prevalence distribution. However, because the optimization framework in the present study includes the a -fractiles as decision variables, there is a need for a different approach because the model builds on various analytical derivatives of the distribution function, and the normal distribution is not very suitable for such calculus. Whereas Taylor-polynomial approximations may provide analytically tractable solutions to such problems locally, a good global approximation to the normal distribution is a transformed (''normalized'') logistic distribution , where the parameter k (which adjusts the ''fatness'' of the distribution's tails) takes a value of 1.702 (Bowling et al., 2009 ).
The analytical model assumes that it is possible to redirect pig deliveries with certain risk characteristics to other processing plants on assessment of risk in the pig herds. In the case of the Danish pig sector, this is a reasonable approximation, because 10 of 11 processing plants, representing more than 90% of total slaughterings, are owned by one company, Danish Crown. The assumption might however also be reasonable in a setting where all processing plants were competitors. This would require a market and a price setting mechanism for the decontamination service, and this would pose requirements to the reliability of Salmonella risk information regarding pig herds delivering to the processing plants, but possibly also larger coordination costs. Hence, the economic incentives to operate such redirection schemes will differ between markets. In the present analysis, we assume that decontamination services are priced from a marginal cost principle. However, if only few slaughtering companies are large enough to use decontamination capacity properly, a problem of market power may emerge, which may complicate the coordination of decontamination capacity supply and demand and hence distort the incentives to use total decontamination capacity to a socially cost-effective extent.
Data. The theoretical model outlined in the previous section is calibrated on cost data for hot water slaughtering, data on pig transport distances between regions of primary production and location of processing plants in Denmark, and data on the Salmonella prevalence base level and effect of hot water slaughtering.
Cost data for hot water slaughtering are displayed in Table 2 . Based on data from the Danish Meat Research Institute, it is assumed that the investment (including installation costs) amounts to 342,000 e 3 for establishing hot water decontamination on a slaughter line with a slaughtering capacity of 740,000 pigs per year. Assuming an interest rate at 3% and a 7 years' duration of the decontamination equipment, this implies an annual capital cost of 55,000 e, which is assumed to be independent of the extent to which this decontamination capacity is used.
Variable costs of decontamination comprise energy, water, and labor as well as other costs such as cleaning, solution, etc. This amounts to 0.18 e/carcass. It is assumed that this cost per carcass is independent of capacity use and hence that the total variable costs are proportional to the number of carcasses decontaminated.
If the decontamination capacity is fully used, the total (fixed 1 variable) decontamination cost per carcass amounts to 0.26 e. On the other hand, if the capacity is less than fully use, the cost per carcass will be higher as a result of fixed costs' substantial proportion of total costs.
To quantify the transport costs, a matrix of distances between primary producers and processing plants (Table 3) has been estimated using the Danish counties 4 as the geographical basis for describing the location of primary producers. The distances are estimated using the open-source Internet roadmap service provided by Krak (2008) .
Costs of transportation were estimated using standard figures provided by the Danish Ministry of Transports and Energy (2006) . According to these figures, the total costs of lorry transport is 0.305 e per kilometer. Assuming that a lorry carries 100 pigs at the time, the transport unit cost (c T ) amounts to 0.003 e/km/pig. Hence, for example, the cost of transporting a pig from the Capital region to the Blans plant would amount to 297 Â 0.003 5 0.95 e.
Salmonella seroprevalence in pigs was 9% in 2006 in Denmark. For carcasses leaving the slaughterline, the average Salmonella prevalence in 2006 was 2.24% according to the Danish National Food Institute. The standard deviation of the prevalence was assumed to be 0.2%. We assume that this distribution of Salmonella prevalence is identical across regions, and furthermore, we assume that it is possible to identify potentially high-risk pig herds with a precision of 50% using e.g. serological tests. Hot water decontamination after slaughtering reduces Salmonella prevalence by 90%. Hence, if full-scale decontamination were implemented, this would reduce the expected prevalence to 0.224%.
Results
For the analysis, we specify a range of accepted Salmonella risk levels ranging from the current level of 2.2% to a low of 0.2%, which represents the maximum obtainable reduction by means of hot water decontamination. It is assumed that each processing plant must comply with the respective accepted risk levels in the sense that its annual average should at maximum correspond with the specified risk level.
Results of these calculations are presented in Table 4 . For a reduction from the current 2.2% to 2.04 by means of hot water decontamination, 1.3 million pig carcasses (approximately 6% of the entire production) must be decontaminated. As the Salmonella risk target is specified at the processing plant level, all plants must undertake actions to reduce Salmonella risk. This implies that even for this low level of risk reduction, decontamination capacity will be established on 11 slaughter lines, and a moderate number of pigs (4,000 heads) are redirected. The total annual cost of risk reduction amounts to 0.83 million e. If the decontamination capacity is only use to the extent that the specified risk 4 Since the beginning of 2007, the county structure was reformed, and the former 14 counties were replaced by five larger administrative regions. However, because the data for the present purpose refer to 2006, and because the former county structure provides a more detailed geographical description, we have chosen to use this structure as the basis for estimating transport distances. reduction goal is met, the degree of capacity use is quite low, ranging from 5-57% between processing plants, which also means that the costs per decontaminated carcass are quite high for such a low reduction goal. Considering that only 6% of the carcasses are decontaminated, the maximum capacity use of 57% may appear high. However, such a high use is only realized on the Horsens plant, which processes almost 4.5 million pigs per year and operates a relatively large number of slaughter lines. For most of the other plants, the degree of use is in the range of 5-15%.
For more ambitious risk reduction goals, the cost of decontamination naturally increases, but so does the degree of capacity use. One exception from this general pattern is however seen when the risk level is reduced to 2%. In this case, the maximum capacity use (found in Horsens) is lower than for the 2.04% risk level, because a larger share of the contaminated pigs are redirected from Horsens to the adjacent plants.
If the risk level is reduced to 1%, the decontamination capacity on processing plants is used by between 47% and 94%, because the decontamination capacity necessary for this reduction goal is 16 slaughter lines (in contrast to 11 slaughter lines for the modest reduction goal stated previously), leading to an aggregate cost of 2.79 million e per year.
Decontamination of the entire pork production leads to a total annual cost of 5.39 million e and full use of decontamination capacity on all processing plants, and hence no redirection of pig deliveries between plants. Sensitivity analyses with respect to the transport cost assumption show that the results are fairly robust to the assumption of 0.003 e per pig per kilometer transported. Robustness of the results with respect to decontamination technology-and hence the distribution of fixed and variable costs-has also been tested by replacing hot water slaughtering with lactic acid spraying (involving a fixed cost 10.000 e/year and a variable cost of 0.21 e/carcass), showing similar results.
In the results presented in Table 4 , it is assumed that each processing plant must comply with the Salmonella risk reduction requirement, implying that each individual plant must be able to report annual average risk figures below the stated levels. As an alternative-and as a benchmark-consider now a regulation, in which the risk reduction requirement is imposed on the pork sector as a whole, i.e. the average postslaughter Salmonella risk reported for the sector as a whole should not exceed the specified level, but variation across plants is allowed. In such a case, plants are allowed to coordinate their establishing of decontamination capacity and hence to reduce the extent of underused decontamination capacity. Such a scenario might be claimed to be somewhat unrealistic at first glance, and it would involve a range of challenges related to information, incentives, and transaction costs, but it is not incompatible with e.g. the Danish goal for Salmonella control, as mentioned in the ''Introduction.'' Table 5 shows some key figures from such a sector-level requirement and compares them with corresponding figures for the previously described plant-level requirement. For small reductions in Salmonella risk, the total costs of decontamination are substantially lower-and the capacity use considerably higher-in case of a sector-level requirement. For larger risk reductions, the costs as well as the degree of capacity use for the two types of requirement tend to converge toward each other. In contrast, the unit costs induced by a sector level risk requirement are fairly independent of the magnitude of the risk reduction requirement.
Discussion
Postharvest carcass decontamination can be considered as a strategy to reduce pathogen risk in pork. If the prevalence of pathogens is high, it may make sense to require the establishment of full-scale decontamination capacity for the entire production. However, if the current pathogen level is modest, and if it is possible to differentiate pig herds according to risk level before delivery, it may be considered more reasonable to establish a less than full-scale decontamination capacity from an economic perspective.
In this article, we have developed an economic model for investigating the economies of capacity use regarding hot water slaughtering of pig carcasses. The model has been used for analyzing costs and capacity use for various Salmonella prevalence reduction requirements in Danish pig carcasses. As expected, the total costs increase with the magnitude of the reduction requirement. However, the cost per decontaminated carcass is decreasing substantially with reduction requirements up to 25-30% if the reduction goal is stated for each individual processing plant, because each plant has to establish decontamination capacity of its own, even for modest risk reduction goals. Hence, although studies like Goldbach and Alban (2006) suggest that hot water slaughtering may be considered a dominating strategy from a cost-effectiveness perspective, compared with other strategies such as changed feeding, this may not necessarily be the case for moderate risk reduction goals. If, on the other hand, the risk reduction goal is stated for the sector as a whole, the sector's ability to optimize capacity use across plants improves significantly. For reduction goals exceeding approximately 30%, the economies of capacity use become less important; the cost per decontaminated carcass is approximately 0.30 e, showing only a slight decrease with the risk reduction aim.
As mentioned previously, establishing hot water slaughtering facilities requires fairly large investments, which is a relative disadvantage to small processing plants. With a less than full-scale implementation of decontamination as a tool to reduce Salmonella prevalence, and assuming that identification of high-risk pig deliveries is possible before delivery, it may be possible for these smaller plants to establish contracts with larger plants to swap high-risk deliveries with low-risk deliveries and hence avoid the costs of investing in their own decontamination facilities.
In the article's analyses, it is assumed that it is possible to identify high-risk pig herds before delivery at the slaughterhouse. Such identification can possibly be done on the basis of the herds' Salmonella history or by more formal risk factor analyses (e.g. Bollaerts et al., 2008; Poljak et al., 2008; Veerle et al., 2008) . By means of such methods, it may be possible to classify pig herds in different risk classes with reasonable certainty. One way to ensure the objectivity and general recognition of such information would be to undertake testing and herd risk assessment as a collaborative action.
The analyses of this article rest on assumptions regarding the processing plants' economic incentives to reduce Salmonella prevalence through decontamination and to cooperate or trade with each other to minimize the costs induced by specified Salmonella reduction requirements. Further research to investigate the extent to which such incentives are in place, and how they could be established or enhanced, for example through the formation of contracts or establishing infrastructures that can facilitate coordination and reduce transaction costs, is recommended.
It has not been possible to estimate the coordination costs in this study, but the potential cost savings from improved capacity use constitute an upper limit if such coordination should be driven by economic incentives. Differences in the organization and spatial concentration of the pork sectors between countries or markets may imply that the economic incentives for redirecting high-risk pig deliveries between processing plants are favorable in some countries and less favorable in other countries. As mentioned, 10 of the 11 largest Danish pig plants are owned by one company, which may be expected to facilitate the coordination across plants and hence strengthen the economic incentive for such coordination compared with many other countries.
Incentive compatibility could be obtained or strengthened by a policy regulation shifting the balance between economic outcomes from compliance vs. noncompliance with specific thresholds, e.g. in terms of rewards on compliance or fines or compensation liability requirements in case of noncompliance. However, economic incentives may also be improved by contract designs (Martin, 1997) or interventions that reduce transaction costs associated with strategies that are cost-effective from a social point of view. One example of such intervention includes reduction of information asymmetries on herd-level Salmonella risk by establishing an officially authorized identification of high-risk pig herds. Another example is to reduce trade costs by facilitation of interplant trade with highrisk pig deliveries, e.g. by establishing an official marketplace for such trade. Other interventions might include an insurance scheme that would make the individual plants indifferent between in-house decontamination vs. redirection of high-risk pig deliveries at the margin or ex ante contracts between plants. [Received December 2011; Accepted June 2012.] 
